Abstract This study investigated: (1) the mitochondrial DNA (mtDNA) genetic variation in 116 unrelated individuals who originated from the Arabian Peninsula, Iran, or were of Bedouin ethnicity and (2) the genetic structure of Kuwaiti populations and compared it to their neighboring populations. These subpopulations were tested for genetic homogeneity and shown to be heterogeneous. Restriction fragment length polymorphism (RFLP) and mtDNA sequencing analyses of HVRI were used to reconstruct the genetic structure of Kuwait. The results indicated that the combined Kuwaiti population has a high frequency of haplogroup R0 (17%), J (12%), and U (12%) similar to other Arabian populations. In addition, contemporary African gene flow was detected through the presence of sub-haplogroup L (L1 and L2) (2%) and the absence of L3 which is reflective of an earlier migration. Furthermore, the multidimensional scaling (MDS) plot showed that the Kuwaiti population clusters with neighboring populations, including Iran and Saudi Arabia indicating gene flow into Kuwait. According to this study, the Kuwaiti population may be undergoing an expansion in a relatively short period of time, and the maternal genetic structure of Kuwait resembles both Saudi Arabia and Iran.
of southern Mesopotamia during the sixth and fifth millennia BC (Carter 2006 (Carter , 2007 Potter 2009 ). The artifacts excavated in Failaka date back to the beginning of the second millennium B.C.E. to the Bronze Age when the ancient Dilmun civilization established a trade and/or a military station in Failaka (Casey 2007) .
Historically, Kuwait was established as a political state in the 18th century with the arrival into the region of the first settlers who belonged to the Utub families. Utub is a group of families derived from the Arab tribe Aniza, which migrated from Najd, currently located in Saudi Arabia. The Utub consisted of three principal families called Al-Sabah (the ruling family of Kuwait), Al-Khalifa (the ruling family of Bahrain), and Al-Jalahima (Anscombe 1997; Slot 2003) . Prior to the first oilfield discovery, the Kuwaiti population subsisted on fishing and merchant seafaring. In 1932, oil was discovered in Kuwait, and it had a marked impact on the social and political systems of the region. The most critical impact of oil production was an exponential growth of Kuwait's population. In addition, oil-production industries offered many job opportunities that attracted approximately 100,000 skilled and unskilled workers from neighboring countries as well as other Asian and African countries (Casey 2007; Slot 2003) . The immigration of these workers into Kuwait modified the gene pool, leading to the admixture of Arab with other ethnicities, thus, increasing the genetic heterogeneity of the Kuwaiti population.
The analysis of mitochondrial DNA (mtDNA) has been applied to the studies of human origins and evolution by tracking dispersal patterns and estimating times of divergence and coalescence within and between species. Mitochondrial DNA has distinct features that distinguish it from nuclear DNA (i.e., mtDNA is maternally inherited with no recombination and a high rate of mutation, making it an ideal tool for the investigation of the genetic structure of any population through maternal lines). The high substitution rates in the control region of the mtDNA allows for estimates of coalescence and phylogenetic studies of closely related populations (Bermisheva et al. 2003; Richards et al. 1996) . This study investigates the genetic structure of the Kuwaiti population by use of mtDNA analyses. The results of this study are compared to published data from comparative populations through multiple inter-population analyses such as MDS plot, analysis of molecular variance (AMOVA), and mismatch-distribution analysis. identify base substitutions or insertion/deletion events and to determine the relevant haplogroup (Table 1) .
Comparative Population Data. The populations used for comparison with the Kuwaiti population consisted of a total of 1,735 individuals representing 18 countries from three continents: Africa, Asia, and Europe (Table 2 ). The mtDNA sequence of HVSI for each individual was obtained from GenBank (www.ncbi.nih.gov/Genbank/) except for the following populations: Iraq, Syria, Kurdistan, and European. The mtDNA sequences of the latter populations were obtained from (www.gen.tcd.ie/molpopgen/resources.php) (Benson et al. 2006) . Table 2 represents the populations and the number of samples in each population analyzed in this study.
Statistical Analysis.
Haplotype diversity and nucleotide diversity were computed by using Arlequin, version 3.11 (Excoffier et al. 2005) . In addition, Arlequin version 3.11 was used to calculate Fu's Fs and Tajima's D which are measurements of selective neutrality (Fu 1997; Tajima 1993) . Mismatch analysis was used to reconstruct the demographic history of the populations (Rogers and Harpending 1992) . Mismatch analysis produces a distribution of pairwise differences between individuals within a population that can be used as an indication of population expansion, stability, or bottlenecks (Rogers and Harpending 1992) . For instance, if the distribution has a unimodal shape, then it represents a recent population expansion while a multimodal distribution shows a population that has constant size over time (Rogers et al. 1996 ; Rogers and Harpending 1992) . A raggedness index (r), used to assess the significance of mismatch plots, was calculated in Arlequin version 3.11 (Excoffier et al. 1992; Harpending et al. 1993 ). In addition, AMOVA was conducted by using Arlequin 3.11 (Excoffier et al. 1992 ). The biological relationships among different populations were represented in a multi-dimensional scaling plot (MDS). The MDS plot was constructed by using NTSYS 2.1 computer program (Rohlf 2008) . The MDS plot is based on F ST pairwise differences between population samples.
Results
In this study, 116 individuals were successfully analyzed for the mtDNA RFLPs. Out of these 116, only 94 individuals were successfully sequenced for the hypervariable region I (HVS-I) of the mitochondrial DNA-A list of the HVS-I mutations is included as supplementary material in the Appendix. The failure in sequencing the mtDNA of 22 individuals was caused by the low concentration of the DNA. To examine the contribution of the Kuwaiti ethnic groups to the total Kuwaiti gene pool, the Kuwaiti samples were subdivided into three subpopulations according to their origins: 48 Arabian Peninsula, 36 Iranian, and 32 Bedouins, who represented more than one tribal group. A chi-square test was used to determine if the three subpopulations were statistically homogenous. Heterogeneity among the three subpopulations (X 2 ϭ 17.35; P Ͻ 0.005, df ϭ 12) was observed. An MDS method was applied to assess the relationship of the three groups to geographically neighboring populations (Figure 2 ). The stress value for the MDS plot was 0.948 (Groenen and Velden, 2004) , indicating a good representation of the genetic relationship among the populations. Based on the RFLP analysis, the Kuwaiti population was found to be a mix of many haplogroups that originated in Africa, Asia, and Eurasia. The most common haplogroup among Kuwaiti individuals is R0 (17%), followed by U and J haplogroups (12%). Haplogroup L is the least common in Kuwaiti population. However, 19% of the total Kuwaiti sample could not be assigned to a specific haplogroup. Figure 3 summarizes the haplogroup frequencies in the Kuwaiti population. Table 3 compares mtDNA haplogroup frequencies in the Kuwaiti population to other populations of the Middle East. The haplogroup frequencies of the Kuwaiti population are similar to those observed in Iranian and Arabian populations. However, the Kuwaiti haplogroup frequencies differ from those observed in either Syria or Palestine. Haplogroups R0, HV, H, M, N or R, L, J, and U encompass about 81% of the Kuwaiti subjects. Compared to other haplogroups, R0 is the most common one observed in Kuwait and Arabia, 17% and 15.2%, respectively. Furthermore, the influence of African L haplogroup is low in Kuwait (2%) and Iran (2.2%), but much higher in Arabia (10.5%). According to RFLP analysis, Kuwait served as a gene recipient from both the Asian and African continents. The presence of particular haplogroups is an indication of gene flow to Kuwait and a possible founder effect of the founding families. The presence of haplogroup L (L1 and L2) in Kuwait (2%) reveals the African gene flow into Kuwait. In addition, haplogroup M and N or R are an indication of Asian gene flow.
The results of the mtDNA diversity and neutrality measures for Kuwaiti and comparative populations are presented in (Ϫ25.40242) for the Kuwaiti population are significant at P Ͻ 0.05 and P Ͻ 0.005, respectively. These results suggest that the Kuwaiti population may be undergoing an expansion and gene flow in relatively a short period of time. Populations with negative Fs values are indicative of a population expansion.
Mismatch distributions of Kuwaiti and comparative populations are provided in Figure 4 . The distributions of Kuwait, Iran, Iraq, and Yemen show unimodal distributions. These populations reach a peak in the number of pairwise differences between six and eight with frequency ranging between 15 and 20%. The Harpending's raggedness index was calculated for each population, and it was below 0.03 which is insignificant (P ϭ 0.05). The smooth bell-shaped distributions accompanied by low raggedness index (below 0.03) suggest that these populations are expanding demographically. However, the multimodal (including bimodal) mismatch distribution of Somalia and Bushmen is suggestive of a constant population size over time.
An MDS method represents the relationship of the Kuwaiti population to comparative populations. Kivisild et al. (2003) . c Richards et al. (2000) . d Tambets et al. (2000) . countries into the Kuwaiti gene pool. The stress value of the MDS plot is good (0.09584). The original distance matrix was compared to an MDS matrix by using a two-way Mantel test. The correlation was highly significant (0.98228), indicating that the MDS plot provides a good fit to the data. To determine the genetic structure of 19 populations based on the mtDNA HVS-I sequence data, an AMOVA was conducted. All populations were classified according to their geographical locations. The first group contains the African populations: Nigeria, Somalia, Kenya, Ethiopia, and African Bushmen. The second group is composed of Asian populations: India, Yemen, Jordan, Saudi Arabia, Iran, Iraq, Kurdistan, Syria, and Kuwait. The last group contains European populations: Turkey, England, Romania, Bulgaria, and Greece. The result of AMOVA analysis is shown in Table 5 . The greatest amount of variation was observed within populations and accounted for 89.78% of the total variation, followed by among-groups variation (6.68%) and finally within-groups variation (3.54%). All variance components are significant.
Discussion
Studies of mtDNA variation have proven to be useful for examining evolutionary processes in humans and reconstructing population histories (Horai et al. 1995; Torroni et al. 1994; Vigilant et al. 1991) . This research investigated the genetic structure of the Kuwaiti population through mtDNA analyses to elucidate the phylogenetic relationship of the Kuwaiti population to other Middle-Eastern groups. The genetic structure of the Kuwaiti population was previously investigated by using classical genetic markers such as blood groups (Al-Bustan et al. 2002; Al-Nassar et al. 1981a , 1981b El-Zawahri and Luqmani 2008; Sawhney et al. 1984) . These studies indicated that the Kuwaiti population differs significantly from the genetic structure of Iraq, Iran, and Saudi Arabia (Al-Bustan et al. 2002; El-Zawahri and Luqmani 2008) . However, Al-Bustan et al. (2002) , El-Zawahri and Luqmani (2008), and Sawheny et al. (1984) demonstrated that the Kuwait genetic structure is similar to geographically neighboring populations. Our study indicated that the maternal genetic structure of the Kuwaiti population resembles the maternal genetic structure of both Iran and Saudi Arabia and that is expected since the Kuwaiti population experienced Figure 2 indicates that the Kuwaiti subpopulation that claims Iranian origin is genetically closer to Iran than to the other two Kuwaiti subpopulations. The geographic origins of some mtDNA haplogroups have been documented; thus, these haplogroups can be used to reconstruct the genetic history of populations (Abu-Amero et al. 2007; Abu-Amero et al. 2008; Ennafaa et al. 2009; Kivisild et al. 2003a; Santos et al. 2004; Torroni et al. 1996 Torroni et al. , 1994 Underhill and Kivisild 2007) . According to the RFLP analysis, Kuwaiti maternal genetic structure is similar to other populations of Arabia-they share a high frequency of haplogroup R0 (17%) and a low frequency of the African haplogroup L (2%). These two haplogroups are unique to the maternal gene pool of Arabia ( , and in this study of a Kuwaiti sample, the rate was found to be 23%, which is high compared to other haplogroup frequencies in the Arabian populations (Abu-Amero et al. 2007 ). Recent phylogeographic analyses of R0 haplogroup detected several radiations of this clade and several of its subclades in areas centered in the Middle East and Arabia and dated from the Neolithic period and beyond. According to Richards et al. (2000 Richards et al. ( , 2003 the haplogroup R0 has a Middle-Eastern origin that eventually evolved into haplogroup H-the most abundant haplogroup in Europe (45%) and the Near East (25%).
This study documents the presence of the African haplogroup L (2%) in the Kuwaiti gene pool similar to the patterns observed in Saudi Arabian and Yemeni gene pools (Abu-Amero et al. 2007; Cerny et al. 2008) . Approximately 2,500 years ago, the slave trade from Africa to the Arabian Peninsula introduced maternal haplotypes to the Kuwaiti gene pool. The presence of African mtDNA haplotypes (L1 and L2) in the Kuwaiti gene pool can be explained by the practice of assimilating the offspring of slaves into the community (Abu-Amero et al. 2007; Lewis 1990 ).
According to the mtDNA HVS-I MDS plot in Figure 5 , the Kuwaiti population clusters with Iranian and Saudi Arabian populations. This finding indicates that the maternal genetic structure of the Kuwaiti population resembles both the Iranian and Saudi Arabian maternal genetic structure. Furthermore, gene flow from Saudi Arabia and Iran to Kuwait has been documented. These results are consistent with the findings of Alenizi et al. (2008) and Mohammad et al. (2009) , who indicated that the paternal genetic structure of the Kuwaiti population is similar to the paternal genetic structure of Saudi Arabia, Iraq, and Iran. However, this study failed to support the presence of maternal gene flow from Iraq which can be explained by the limited genetic contribution of Iraq into the Kuwaiti gene pool compared to Iran and Saudi Arabia. Another explanation is the relatively small sample size used in this study that may not have included any individuals with Iraqi origin. The mismatch analysis indicates that the Kuwaiti population is a rapidly expanding population-in part because of the gene flow. This conclusion is supported by the demographic data (Figure 4 ) and the smooth bell-shape distribution with raggedness-index value below 0.03. In contrast to Kuwait, the mismatch analyses of Saudi Arabia, Somalia, and African Bushmen show ragged-shaped distributions that suggest that these populations were of constant size over a long period of time.
Conclusion
Kuwait is one of seven countries located in the Arabian Peninsula. The critical location of the Arabian Peninsula is believed to have played a major role in the expansion of early Homo out-of-Africa Jeffrey and Michael 2009; Petraglia et al. 2011) . To understand its role in the early expansion, recent studies investigated the genetic structure and the archaeology of the Arabian Peninsula (Alshamali et al. 2009; Beyin 2006; Crassard 2009; Derricourt 2005; Gonzalez et al. 2008) . However, to date, not all of the regions of the Arabian Peninsula have been investigated, and this study attempted to fill a gap in the understanding of the genetic structure of the Arabian Peninsula.
The Kuwaiti subpopulations are genetically homogenous, and they shared the same haplogroup frequencies as the other populations in Arabia. In addition, Kuwait is influenced by gene flow from neighboring populations and especially from both Saudi Arabia and Iran as indicated in the MDS plots. The mismatchdistribution plot indicates that the Kuwaiti population has a recent demographic expansion. These results reflect the recent history of population formation in Kuwait. Further studies are needed to investigate the other haplogroup frequencies in Kuwait. In addition, the genetic study of Y-chromosome markers is needed to better understand the genetic structure and past history of Kuwait. Table S1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 5 6 7 8 9 9 1 1 2 2 2 2 2 2 3 4 4 4 5 5 6 6 6 7 7 8 8 8 8 8 9 9 0 0 1 2 2 2 2 2 3 4 5 5 6 6 7 7 7 8 7 8 1 9 1 6 2 3 4 5 4 5 6 7 8 9 6 5 7 8 3 8 3 8 9 2 6 4 5 6 8 9 2 3 1 9 3 0 1 2 3 4 5 2 6 9 1 5 0 5 8 7 Table S1 .
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List of Mitochondrial HVS-1 Mutations
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